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Leishmania donovani causes human visceral leish-
maniasis. The parasite infectious cycle comprises
extracellular flagellated promastigotes that prolif-
erate inside the insect vector, and intracellular
nonmotile amastigotes that multiply within infected
host cells. Using primary macrophages infected
with virulent metacyclic promastigotes and high
spatiotemporal resolution microscopy, we dissect
the dynamics of the early infection process. We find
that motile promastigotes enter macrophages in
a polarized manner through their flagellar tip and
are engulfed into host lysosomal compartments.
Persistent intracellular flagellar activity leads to reor-
ientation of the parasite flagellum toward the host
cell periphery and results in oscillatory parasite
movement. The latter is associated with local lyso-
somal exocytosis and host cell plasma membrane
wounding. These findings implicate lysosome
recruitment followed by lysosome exocytosis,
consistent with parasite-driven host cell injury, as
key cellular events in Leishmania host cell infection.
This work highlights the role of promastigote polarity
and motility during parasite entry.
INTRODUCTION
Protozoan parasites of the genus Leishmania thrive within
mammalian host cells, causing some of the most neglected
diseases, termed leishmaniasis, which afflictmore than 12million
people worldwide. The present study investigates the dynamics
of the cellular mechanisms underlying intracellular infection by
Leishmania donovani, the causative agent of fatal visceral leish-
maniasis (Chappuis et al., 2007). The Leishmania infectious cycle
comprises twodevelopmental stages, an extracellular flagellated
promastigote stage that proliferates in the midgut of the sand fly
vector, and an obligate intracellular nonmotile amastigote stage
that multiplies within infected host cells. Parasite transmissionCellto the host occurs during a sand fly blood meal via metacyclic
promastigotes, the highly infectious form of the parasite capable
of infecting mainly phagocytic cells (Sacks and Perkins, 1984).
The first crucial event for a successful host cell infection involves
initial contact and stable interaction of highly polarized andmotile
promastigote parasites with mammalian host cells for efficient
engulfment by phagocytosis. Themolecular aspects of this inter-
action arewell defined, and several host cell receptors have been
identified that recognize parasite surface molecules, including
lipophosphoglycan (LPG), gp63, and Leishmania surface-bound
host serum opsonins (Blackwell, 1985; Brittingham and Mosser,
1996). However, the cell biology aspect of this early interaction is
poorly elucidated. More specifically, the involvement of polarity
andmotility, both characteristics of the Leishmania promastigote
form, in processes of parasite attachment to and engulfment by
the host macrophage, remains to be defined. Regarding the
orientation of Leishmania uptake, a variety of previous reports
reached contradictory conclusions showing that promastigotes
entered host cells either by the posterior end (Courret et al.,
2002), the anterior flagellated end (Chang, 1978), or both ends
(Chang, 1979; Pearson et al., 1983; Rittig et al., 1998). As a result,
it is believed that random attachment of the flagellated promas-
tigotes to host cells is sufficient to initiate parasite engulfment.
Likewise, a role for parasite motility in Leishmania promastigote
uptake has been so far underestimated. In contrast to other
intracellular flagellated parasites including Toxoplasma gondii,
Trypanosoma cruzi, and Plasmodia spp, which force their entry
into the host cell based on their motility capacity (Sibley and
Andrews, 2000; Soldati-Favre, 2008), the Leishmania infection
process is assumed to rely essentially on thephagocytic capacity
of the host cell (Alexander, 1975; Rittig and Bogdan, 2000). Thus,
understanding how anisotropic morphology and motility of the
promastigote parasite affect macrophage colonization may
provide important insights into Leishmania infection.
The second crucial aspect of early Leishmania host cell infec-
tion involves the biogenesis of a parasitophorous vacuole (PV)
enabling differentiation of the promastigote into the intracellular
pathogenic amastigote form of the parasite. While Leishmania
amastigotes have been shown to reside and replicate in phago-
lysosomes of the host cell (Berman et al., 1981; Courret et al.,
2002), studies on the interactions between promastigote
nascent vacuoles and host cell lysosomal compartments haveHost & Microbe 9, 319–330, April 21, 2011 ª2011 Elsevier Inc. 319
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Dynamic Study of L. donovani Host Cell Infectionled to contradictory conclusions. Two scenarios for PV biogen-
esis have thus far been documented. First, intracellular
Leishmania promastigotes have been shown to locate in phago-
lysosome-like vacuoles displaying lysosomal markers and
enzyme (Courret et al., 2002; Korner et al., 2006). Second, other
studies provided evidence that Leishmania promastigotes
reside, as part of a parasite survival strategy, in phagosomes
that are initially resistant to fusion with lysosomes, resulting in
delayed phagosome maturation (Desjardins and Descoteaux,
1997). This inhibition is attributed to the expression of the pro-
mastigote-specific surface glycoconjugate LPG (Scianimanico
et al., 1999; Spath et al., 2003; Dermine et al., 2000; Lodge
et al., 2006; Vinet et al., 2009; Winberg et al., 2009).
The present study examines, in real time and at high resolution,
the encounter between virulent metacyclic-enriched L. donovani
promastigotes and primary bone-marrow-derived macrophages
(BMMs) from the initial moment of parasite attachment to estab-
lishment of intracellular infection. Our data reveal four distinct
phases of the L. donovani host cell infection processwith respect
to parasite orientation and localization, including highly polarized
attachment and engulfment of the parasites via the flagellar tip
into lysosomal compartments (phase 1), intracellular reorienta-
tion of theparasite (phase2), oscillatingmovement of theparasite
toward the host cell periphery associated with lysosome
exocytosis and host cell wounding (phase 3), and loss of motility
and final localization of the PV close to the host cell nucleus
(phase 4).
RESULTS
Real-Time Phase-Contrast Imaging
of Macrophage-L. donovani Interaction Identifies
Four Phases of Infection
Our study employed hamster-derived metacyclic-enriched
L. donovani promastigotes, the physiologically relevant virulent
stage of the parasites. Indeed, these parasites infect host cells
more efficiently than long-term-cultured promastigotes, as
judged by the percentage of infected macrophages at day 0
(66% versus 22.6%, respectively) and by amastigote differentia-
tion and intracellular proliferation at day 6 (9.5 versus 0 parasites/
infected macrophage, respectively, see Table S1A available
online).
Leishmania are characterized by a strongly polarized
morphology with a single flagellum emerging at the anterior
pole, whose role in host cell infection has thus far been poorly
investigated. To gain insight into the biology of Leishmania
host cell infection, we monitored in real-time the dynamic
sequence of early events leading to promastigote attachment
and ingestion by BMMs using a BioStation incubator imaging
system, which enables control of environmental temperature,
humidity, and gas concentration. While many forms of nonpro-
ductive interactions between parasites and macrophages (i.e.,
transient attachment instead of internalization) were observed
during the incubation period (data not shown), parasite internal-
ization occurred nearly exclusively after promastigotes attached
to BMMs through their flagellum (Table S1B, Movie S1). Indeed,
65% of intracellular parasites resulted from parasites that estab-
lished host cell contact via the flagellar tip, 29% via the flagellar
base, while only 6% via the cell body (Table S1B). After initial320 Cell Host & Microbe 9, 319–330, April 21, 2011 ª2011 Elsevier Incontact with the flagellum, highly dynamic BMM protrusions en-
gulfed the promastigotes from the flagellar tip toward the cell
body within 10 to 20 min (Figure 1A, Movie S1). Interestingly,
68% of the intracellular parasites engulfed by the flagellum tip
reoriented intracellularly by changing direction or traversing the
host cell such that their flagella eventually reached the host cell
plasma membrane and protruded outward from the host cell,
while remaining inside the macrophage PV (Figure 1A, Movie
S1, Table S1B). This stage was associated with heavy beating
of the flagellum for about 2 hr postinfection prior to complete
arrest (Figure 1B, Movie S2, Table S1A). Thus, three distinct
phases characterized the early infection process: attachment
and engulfment of the parasite by the flagellum tip (phase 1),
flagellum driven intracellular parasite motility propulsing the
parasite flagellum first toward the macrophage periphery (phase
2), and active long-lasting flagellar beating of the intracellular
parasite, with the flagellum reaching outward (phase 3).
As the L. donovani flagellum was involved in parasite engulf-
ment and intracellular reorientation, we next address the contri-
bution of parasite motility in the infection process. We compared
internalization of live motile parasites with dead parasites and
inert particles such as latex beads as a positive control for
phagocytosis. Promastigotes were killed by glutaraldehyde or
detergent treatment (data not shown), yielding control particles
that corresponded to live parasites in shape and size but which
lacked vital functions, including motility. Unexpectedly, we ob-
served thatmorphologically intact but dead promastigotes, while
interacting with macrophages after sedimentation on the dish
bottom, failed to be engulfed by macrophages as compared to
live L. donovani and latex beads (Figure 1C). To better assess
the role of parasite motility, promastigotes were pretreated
with actin- and microtubule-blocking drugs prior to infection.
Although nocodazole did not affect the capacity of parasites to
infectmacrophages,with apercentageof infectedcells of around
70%, similar to untreated control, we showed that cytochalasin D
treatment reduced dramatically the infection rate from 72% to
30% (Figure S1). These data indicate that L. donovani promasti-
gotes participate actively in the phagocytic uptake by the host
cell, most likely through actin-based flagellar motility.
Real-Time 5D Imaging of Parasite Internalization
and Interaction with Acidic Host Cell Compartments
Using 5D imaging, we investigated the orientation and trajectory
of the parasite during the infection process and its dynamic inter-
actions with host cell acidic compartments. BMMs were loaded
with the lysosomotropic probe LysoTracker, infectedwith CFSE-
labeled parasites, and processed for real-time video confocal
microscopy. Movie S3 documents parasite entry into macro-
phages (phase 1 of the infection process), and Movie S4 shows
the parasite after intracellular reorientation (phase 3 of the infec-
tion process). Both movies confirmed that promastigotes were
engulfed via the flagellar tip and pursued their propulsive trajec-
tory within the macrophage until the flagellum reaches the host
cell plasma membrane (see arrow indicating the flagellum tip in
the movies).
To evaluate the trajectory of the parasite following interaction
with the macrophage, a specific color code was applied to each
parasite motion direction, and the distance traveled by the
promastigote inside the macrophage during engulfment wasc.
Figure 1. Real-Time Imaging of Macrophage Infection by L. donovani Promastigotes
Time-lapse microscopy of hamster-derived metacyclic-enriched L. donovani promastigotes entering BMMs was performed using a BioStation microscope.
(A) and (B) correspond to Movies S1 and S2, respectively; see also Table S1A for virulence assessment of hamster-derived promastigotes versus long-term
cultured promastigotes.
(A) Each image shows one representative time point from parasite attachment to uptake into macrophages.
(B) Image shows a macrophage infected for 2 hr and washed before acquisition. Scale bar, 10 mm. Images are representative of five independent movies. Black
arrows indicate parasite flagellar tip. See Table S2 for quantification of the events.
(C) Panel shows representative images (403) of BMMs exposed during 1 hr with live CFSE-labeled parasites (left panel), glutaraldehyde-fixed CFSE-labeled
parasites (middle panel), and 6 mm GFP-conjugated latex beads (right panel). Scale bar, 20 mm.
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Dynamic Study of L. donovani Host Cell Infectionmeasured. During entry in phase 1, the parasite was drawn
smoothly toward the macrophage cell center (Movie S3), thus
moving in a single direction toward the cell nucleus (Figure 2A,
green color). Consequently, the distance between the promasti-
gote and the host cell nucleus center gradually decreased over-
time with corresponding velocity remaining negative throughout
phase 1 (Figure 2B), thus reflecting parasite uptake into the cell.
In contrast, during phase 3, we observed that L. donovani pro-
gressed in two opposite directions as judged by the color code
applied to parasite motion tendencies, corresponding to move-
ment outward (yellow) or toward (blue) the host cell nucleus (Movie
S4, Figure 2C). Parasite traveled distance and velocity measure-
ments confirmed that promastigotes oscillated around a distance
of 20 mm from the host cell nucleus, localized byHoechst staining,
by frequently switching to diametrical opposite directions during
the first 2 hr (Figure 2D, left and right panel). This phenomenon is
highly reproducible, as analysis of four independent movies and
a total of 18 parasite-macrophage interactions leading to parasite
internalization revealed that 16 parasites (88%) displayed long-
lasting intracellular oscillation. Thereafter, parasites were drawn
to their final intracellular localization close to the host cell nucleus,
considered to be the last phase of the infection process (phase 4).CellThis same experimental setup was used to assess the interac-
tion between L. donovani PV and host cell acidified compart-
ments during phases 1 (Figures 3A and 3B, Movie S3) and phase
3 (Figures 3C and 3D,Movie S4). During phase 1, we showed that
promastigotes localized in acidic host cell compartments as early
as 6 min postinfection as judged by the spatiotemporal correla-
tion between LysoTracker-positive signals and L. donovani
parasites (Figure 3A, Movie S3). To gain insight into the fusion
process, we evaluated the profile of LysoTracker-positive vesicle
distribution detected on the parasite-containing phagosomal
membrane.While Leishmania PVs content was positive for Lyso-
Tracker (Figure 3A), the intensity of LysoTracker-positive vesicles
measured on the PV membrane was weak (Figure 3B), suggest-
ing efficient fusion of these vesicleswith the nascent PV.At phase
3 of the infection process, parasite-containing phagosomes are
positively labeled with LysoTracker dye, indicating that promas-
tigotes remain in host cell acidic compartments during the
oscillation stage (Figure 3C, Movie S4). However, at this specific
phase, the intensity profile of LysoTracker vesicles accumulating
at the PV strongly increased over time (from 240 to 1110), indi-
cating a sharp drop in vesicular fusion with the already formed
and acidified PVs (Figure 3D).Host & Microbe 9, 319–330, April 21, 2011 ª2011 Elsevier Inc. 321
Figure 2. Real-Time 5D Imaging of Parasite
Motility during Phases 1 and 3 of the Infec-
tion Process
(A) and (B) refer to Movie S3, and (C) and (D) to
Movie S4. (A) and (C) display motion tendencies of
CFSE-labeled parasites at different time points, at
phase 1 (A) and at phase 3 of the infection process
(B), using the following color code: blue, yellow,
red, and green for parasite movements toward the
right, left, top, and bottom, respectively. Scale bar,
10 mm. (B) and (D) show distance traveled by the
parasites and its corresponding velocity over time
after attachment to the macrophage and during
engulfment. Upper panel represents distance
variation between the mass center of the macro-
phage nucleus and the mass center of the para-
site. Lower panel plots the velocity profile of the
parasite over time. Positive velocity corresponds
to parasite motion toward the cell periphery and
negative velocity toward the host cell nucleus.
Movies and quantification are representative of at
least three independent experiments.
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Dynamic Study of L. donovani Host Cell InfectionL. donovani-Containing Vacuoles Are Highly Fusogenic
toward Host Lysosomes
We next qualitatively and quantitatively assessed the interaction
of L. donovani-containing phagosomes with host cell late endo-
some/lysosome compartments. By confocal microscopy, we
observed that as early as 30min postinfection, L. donovani para-
sites localized in tight vacuoles homogenously labeled with lyso-
somal-associated membrane glycoprotein 1 (LAMP-1) outlining
the parasite contour visualized by LPG staining (Figure 4A). No
difference was observed between WT and LPG mutant para-
sites, which were detected in LAMP-1+ phagosomes, as previ-
ously reported by others (Figure S2) (Dermine et al., 2000).
To visualize the dischargeof lysosomecontent intoL. donovani
PV, we chose to use correlative light electron microscopy
(CLEM), a powerful approach that allows the sequential observa-
tion of an identical cellular region by light microscopy and elec-
tron microscopy. BMMswere incubated with BSA-gold particles
to label lysosomes prior to infection and first scanned by phase
contrast microscopy (Figure 4B, upper left panel). The specific
regions showing intracellular parasites with flagella oriented322 Cell Host & Microbe 9, 319–330, April 21, 2011 ª2011 Elsevier Inc.toward the host cell periphery (phase 3)
were individually selected by phase
contrast microscopy to be processed by
EM. This correlative approach revealed
the presence of BSA-gold particles inside
the PV lumen at the parasite posterior
pole and the base of the flagellum (Fig-
ure 4B), clearly demonstrating that PVs
are highly fusogenic toward lysosomes
and thus confirming the results shown in
Figure 3 and Movies S3 and S4.
Finally, we quantified the fusion of
parasite-containing phagosomes with
the various compartments of the endo-
cytic network by conventional EM. Prior
to infection, BMMs were pulsed with
BSA-gold for 1 hr, and chased for 1 hr inorder to label the late endosomal/lysosomal compartments
(condition 1), or 3 hr to label specifically the lysosomal vesicles
(condition 2). A significant majority of newly formed PVs con-
tained a large number of BSA-gold particles under both condi-
tions 1 (70%) and 2 (66%), showing the PV’s acute ability to
fuse with late endosomal as well as lysosomal compartments
(Figures 4C and 4D). Next, we assessed the maturation capacity
of already formed parasite-containing phagolysosome. BMMs
were first infected for 2 hr, and then pulsed with BSA-gold parti-
cles for 1 hr followed by a chase of 1 hr (condition 3), prior to EM
analysis. The number of BSA-gold-positive PVs was significantly
reduced in condition 3 to 42% as compared to conditions 1
(70%) and 2 (66%), respectively (p < 0.001), as was the amount
of particles discharged into parasite-containing vacuoles,
demonstrating a loss of fusogenic capacity of these already
formed PVs (condition 3, Figures 4C and 4D). Importantly, EM
images provided evidence that promastigotes are resistant to
the harsh environment of the phagolysosome compartments in
which they reside, since intracellular parasites did not show
signs of degradation (Figure 4D). Thus, we demonstrated that
Figure 3. Real-Time 5D Imaging of Host Lysosome Dynamics during Phases 1 and 3 of the Infection Process
(A) and (B) correspond to Movie S3, and (C) and (D) to Movie S4. (A) and (C) show maximum intensity projection images of signals from LysoTracker-positive
vesicles (red) and CFSE-labeled parasites (green) at each indicated time point of the Leishmania-macrophage interaction. Scale bar, 10 mm. Arrow indicates first
contact point between the parasite flagellar tip and the macrophage. In (B) and (D), a rim around intracellular parasite from (A) and (C) was automatically traced
with a one pixel width, and fluorescence intensity profiles of LysoTracker-positive vesicles on this rim were plotted for each indicated time point during phase 1
(B) and phase 3 of the infection process (D). Movies and quantification are representative of at least three independent experiments.
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Dynamic Study of L. donovani Host Cell Infectionnascent PVs rapidly acquired phagolysosomal properties and
that they subsequently became largely refractory to further
fusion events with host lysosomes.
L. donovani Triggers Host Lysosome Docking
at the Parasite Oscillation Site
Correlating total internal reflection fluorescence microscopy
(TIR-FM) with EM on a single-cell level using a CLEM approach,
we next examined whether lysosome docking occurred at the
parasite location during phase 3 of the infection process, when
intracellular parasites oscillated with their flagellum pointing
toward the host cell periphery. Infected BMMs were sequentially
analyzed for the distribution of LAMP-1+ compartments by
epifluorescence (green) and TIR-FM (red) (Figure 5A), and
BSA-gold+ vesicles by EM (Figure 5C). As expected, LAMP-1+
epifluorescence signals were homogeneously repartitioned
within the BMMs, while LAMP-1+ TIRF-FM staining concen-
trated exclusively in the evanescent field beneath the parasite
site and was absent in others areas of the infected host cell (Fig-
ure 5A). This specific cell was then localized and analyzed by EM,
confirming the presence of the parasite at this site (Figures 5B
and 5C). Ultrathin EM sections of the selected TIR-FM+ region,
delineated by a quadrant in Figure 5A, showed the accumulation
of numerous BSA-gold-loaded lysosomes close to the parasite
flagellum as well as the presence of BSA-gold particles inside
the PV (see arrows, Figure 5C). Thus, L. donovani induces locallyCella massive docking of lysosomes adjacent to the macrophage
plasma membrane during phase 3 of the infection process.
L. donovani Triggers Focal Host Lysosome Exocytosis
We next sought to determine whether the lysosomes docked at
the macrophage plasma membrane beneath the parasite were
prone to exocytosis during phase 3. We therefore monitored
expression and distribution of the amino-terminal domain of
LAMP-1 at the host cell surface. FACS analysis of macrophages
incubated with CFSE-labeled parasites showed that surface
expression of LAMP-1 increased specifically on CFSE+ macro-
phages by around 80% (1.8-fold) compared to CFSE cells
and parasite-nontreated macrophages (Figure 6A). The differ-
ence between LAMP-1median fluorescence intensity of infected
versus noninfected sample was statistically significant (p < 0.05).
At 24 hr postinfection, the surface level of LAMP-1 returned to
normal, which is consistent with the increase of endocytosis
typically following transient exocytosis (Idone et al., 2008).
Confocal microscopy performed on nonpermeabilized infected
macrophages showed that distribution of surface LAMP-1
(green) was confined to the parasite location site, identified by
the presence of LPG (red) (Figure 6B) observed on the host cell
surface during phase 3 (our unpublished data). Furthermore,
we demonstrated that LAMP-1+ vesicles subjected to exocy-
tosis are lysosomal vesicles, since enzymatic activity of the lyso-
somal proteases of the cathepsin family was significantlyHost & Microbe 9, 319–330, April 21, 2011 ª2011 Elsevier Inc. 323
Figure 4. Qualitative and Quantitative Analysis of the Fusion between Parasite-Containing Vacuoles and Host Cell Late Endosomal/
Lysosomal Compartments
(A) Immunofluorescence analysis of L. donovani-infected BMMs. BMMs were infected for 30 min with L. donovani, washed, fixed, and stained for LPG (red) and
LAMP-1 (green). Image represents a Z section of 0.3 mm thickness; scale bar, 10 mm.
(B) CLEM analysis of L. donovani-infected BMMs. BMMs were first incubated with BSA-gold particles for 1 hr, chased for 1 hr, and then infected for 2 hr and
processed for TEM. Left and right upper panels show transmission (scale bar, 20 mm) and low-magnification EM images (scale bar, 25 mm) of infected BMMs.
Lower panels show 60 nm EM sections of parasites 1 and 2 pointed by arrowheads in upper panels (scale bar, 500 nm). Arrows point to BSA-gold signals.
(C) Quantification of phagolysosomal fusion by EM. BMMswere loadedwith BSA-gold for 1 hr, followed by a chase period of 1 hr (condition 1) or 3 hr (condition 2),
prior to infection for 2 hr. In condition 3, BMMswere infected for 2 hr with L. donovani, washed, and then BSA-gold was added for 1 hr followed by a chase period
of 1 hr. Cells were then processed for EM. Bar graphs represent the mean of the percent of fusion ± SD obtained from three independent experiments. A total of
114, 109, and 80 parasites were analyzed under conditions 1, 2, and 3, respectively. P values calculated by unpaired t test were statistically significant (p < 0.0001
between conditions 1 and 3, and p < 0.001 between conditions 2 and 3.
(D) TEM pictures of intracellular parasites representative for conditions 1, 2, and 3. Scale bar, 1 mm. Black arrows indicate BSA-gold signals.
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Dynamic Study of L. donovani Host Cell Infectionincreased in the supernatant of infected macrophages as
compared to noninfected cells (Figure 6C). Thus, L. donovani
transiently triggers host lysosome exocytosis following infection,
locally at the parasite site.
L. donovani Triggers Local Host Cell Wounding during
Phase 3 of the Infection
Since exocytosis of lysosomes has been involved in rapid plasma
membrane repair in response to local wounding (Reddy et al.,
2001), we used CLEM to investigate a potential link between
L. donovani infection, lysosome exocytosis, and host cell injury.
BMMs were loaded with BSA-gold particles prior to infection
and then surface stained for LAMP-1 as a marker for lysosome
exocytosis. Samples were first scanned by confocal fluores-
cence microscopy, and areas showing intense surface LAMP-1
staining delineating the flagellum of an intracellular parasite at
phase 3 were selected and further analyzed by EM (Figure 7A).
Serial ultrathin sections of this area confirmed the spatial correla-
tion between L. donovani parasites and BSA-gold preloaded324 Cell Host & Microbe 9, 319–330, April 21, 2011 ª2011 Elsevier Inlysosomes that we previously observed in Figure 5 (Figure 7B).
Significantly, these EM images provided evidence for a highly
localized rupture of themacrophage plasmamembrane proximal
to the parasite flagellar pole (black arrows and Figure 7C, left
panel), while host cell plasma membrane remained intact distal
from the pathogen (red arrows and Figure 7C, right panel). The
flagellum does not protrude from a cytoskeletal cuff and instead
remains surrounded by both phagosomal and macrophage
plasma membrane (Figure S3). Interestingly, we observed that
macrophage plasma membrane disruption localized at the tip
of the flagellum and correlated with the accumulation of LPG
molecules released from the parasites at this location (Figure S3).
DISCUSSION
Intracellular infection by Leishmania promastigotes relies on
a series of key events, including attachment, internalization,
amastigote differentiation, and intracellular survival. The poten-
tial active contribution of the parasite to its phagocytic uptakec.
Figure 5. Detection of Lysosomes Adjacent to
the Plasma Membrane of Infected Macrophage
by Correlative TIR-FM/EM
BMMs were loaded with BSA-gold for 1 hr, followed by
a chase period of 1 hr prior to infection for 2 hr. Cells were
washed, fixed, permeabilized, and stained for LAMP-1.
Sample was first processed for epifluorescence and
TIR-FM microscopy (A), then analyzed by EM (B and C).
(A) Top panel shows the merged image of LAMP-1
epifluorescence (green) and LAMP-1 TIR-FM (red) signals
on the entire macrophage; lower left and right panels show
LAMP-1 epifluorescence (EPI) and TIR-FM staining (TIRF)
of the cell region delineated by the quadrant in the top
panel and displaying an intracellular parasite at phase 3.
Scale bar, 10 mm.
(B) Pictured is the corresponding EM image of the cell
observed in (A).
(C) Pictured is EM image corresponding to the second
serial section (60 nm) relative to the dish bottom of the
region delineated by a quadrant in (B). Scale bar, 5 mm. P,
parasite cell body; F, flagellum. Arrows indicate BSA-gold
signals, optimized by image treatment using Adobe Pho-
toshop software. The figure is representative of three
independent correlative TIR-FM/EM experiments.
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Dynamic Study of L. donovani Host Cell Infectionby host cells remains elusive. Our study provides evidence for
involvement of promastigote polarized morphology and motility
in host cell infection and demonstrates four distinct phases in
the infection process.
In phase 1, we show that phagocytosis of L. donovani promas-
tigotes by BMMs is predominantly triggered by interaction
between the parasite flagellum tipwith the host cell. This process
results in pseudopod formation, which initiates at the flagellar tip
and extends toward the parasite cell body. Various flagellar prop-
erties may contribute to parasite uptake. First, the particular
compositionof the trypanosomatid flagellarmembranehighly en-
riched in lipid raft domains and specific components such as
actin-interacting proteins might be associated with specialized
functions of this organelle in adhesion and signaling (Diniz et al.,
2009; Tyler et al., 2009). It is possible to speculate that specific
capping of certain adhesiotopes at the flagellar tip of Leishmania
parasite, such as LPG, gp63, or other surface molecules, might
account for oriented attachment and entry of the parasite into
BMMs through receptor/ligand interactions (Singla and Vinayak,
1994).Alternatively, thepotential roleof theflagellumasasensory
organ may point toward a triggered release of parasite proteins
during host cell attachment, which may in turn modulate host
cell phagocytic activity (Rotureau et al., 2009). Second, the
particular mode of Leishmania locomotion in the direction of the
beating flagellum places the flagellar tip at the forefront of para-
site-host cell interactions, which may establish adequate localCell Host & Microbe 9host cell/parasite geometry leading to efficient
parasite uptake. Indeed, recent studies demon-
strated a significant effect of shape and orienta-
tion on the ability of macrophages to internalize
particles via actin-driven movement of macro-
phage pseudopods (Champion and Mitragotri,
2006). These studies showed that inert ellipsoid
particles were only weakly phagocytosed as
compared to conventional spherical beads(Champion and Mitragotri, 2009). Our data confirm and validate
these observations under physiologically relevant conditions
using an ellipsoid shaped pathogen. Indeed, we showed that
killed but morphologically intact promastigotes failed to be in-
gested by BMMs, as compared to latex beads and life motile
parasites, although stable interactions were established. Thus
directed attachment of live promastigotes via the flagellum tip
likely creates a permissive geometry of interaction that over-
comes the steric hindrance of ellipsoid particles by initiating the
phagocytic uptake at the flagellum tip. This hypothesis is further
confirmed by our observations (1) that uptake of live parasites
occurs nearly exclusively via the flagellar tip althoughmany forms
of nonproductive interactions (i.e., that do not lead to internaliza-
tion) outside the flagellar region occur, and (2) that pharmacolog-
ical inhibition of parasite motility results in strong reduction of
parasite uptake.
Significantly, during phase 1, we demonstrate that L. donovani
PVs efficiently fused with lysosomes as judged by the presence
of the lysotracker dye and BSA-gold particles in the PV lumen
and lysosomal marker LAMP-1 at the phagosome surface.
Once formed, we observed that these phagolysosomes became
refractory to further fusion with lysosomal compartments. Our
observations challenge the current model according to which
L. donovani promastigotes reside in phagosomes that are initially
resistant to fusion with lysosomes (Desjardins and Descoteaux,
1997). This discrepancy may be explained by (1) differences in, 319–330, April 21, 2011 ª2011 Elsevier Inc. 325
Figure 6. Analysis of Lysosome Exocytosis
by FACS and Confocal Immunofluores-
cence
(A) BMMswere infected for 2 hr with CFSE-labeled
enriched metacyclic parasites, washed, and
directly processed for FACS analysis or incubated
a further 24 hr prior to analysis. Noninfected BMMs
were used as control. Cells were analyzed for
CFSE staining and cell surface LAMP-1 expres-
sion by FACS. Left histogram overlay plot shows
the percentage of infected cells as measured by
CFSE fluorescence. Light gray filled histogram,
noninfected sample (100% of cells are CFSE);
black histogram, 2 hr infected sample (80% of
cells are CFSE+ and 20% are CFSE). Middle and
right histogram plots show LAMP-1 fluorescence
intensity 2 hr after infection and 2 hr after infection
followed by 24 hr of chase, respectively. Dark gray
filled histograms, isotype control staining; light
gray filled histogram, noninfected sample; black
and red histograms, CFSE+ and CFSE cells from
the infected sample, respectively. P value between
LAMP-1 MFI of CFSE+ and CFSE population at
2 hr postinfection is p < 0.05. The results are
representative of six independent experiments.
(B) BMMs were infected for 2 hr, washed, and
further incubated 2 hr, then surface stained for
LAMP-1andLPGandcounterstainedwithHoechst.
Left panel shows the phase contrast and nuclear
staining of the infected macrophages. Middle and
right panels are zoomed images of the intracellular
parasites indicated by the white arrows and show
the maximum intensity projection of LAMP-1 and
LPG signals through the Z stack. Scale bar, 20 mm.
(C) Kinetics of cathepsin activity was measured in
the supernatants (SN) of infected BMMs by spec-
trofluorometry using the specific ZFR-AMC
substrate (see the Supplemental Experimental
Procedures). SNs of razor blade-scratched BMMs
noninfected BMMs were used as positive and
negative control, respectively. Themeanvalue±SD
ofquadruplicateexpressedas relativefluorescence
units is shown.
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host-derived metacyclic-enriched parasites), (2) differences in
the host system employed (BMMs versus macrophage cell
lines), and (3) differences in the experimental setup used (static
versus 5D dynamic live analysis), which might have missed early
fusion events.
Following internalization, our movies revealed a phase of the
infection process (phase 2), characterized by intracellular reor-
ientation of the parasite driven by persistent flagellar motility,
tracking the intravacuolar promastigotes flagellum-first toward
the BMM plasma membrane. This process leads ultimately to
phase 3, which is characterized by a highly polarized orientation
of the parasite, with the cell body directed toward the host cell
nucleus and the flagellum directed toward the cell periphery.
This orientation has been previously documented and was sug-
gested to be the consequence of directional phagocytic uptake
of the parasite via the cell body (Courret et al., 2002; Pearson
et al., 1983). According to our data, this orientation is the result
of intracellular parasite reorientation (phase 2), which likely
escaped previous studies based on static and real-time imaging326 Cell Host & Microbe 9, 319–330, April 21, 2011 ª2011 Elsevier Intechniques of insufficient spatiotemporal resolution (Pearson
et al., 1983; Rittig et al., 1998).
In phase 3, parasites undergo long-lasting oscillating move-
ments with respect to the host cell center. This movement likely
results from opposing forces acting on the PVs that are applied
by the parasite flagellum, promoting outward movement, and by
host cell that, in contrast, aims at retaining the PV toward the
nucleus. Significantly, this ‘‘struggle’’ has important conse-
quences for the integrity of the host cell membrane, resulting in
local injury specifically observed at the parasite oscillation site.
However, we provide evidence that host cell wounding is
compatible with intracellular infection as judged by the efficient
colonization of BMMs by promastigotes and by the resistance
of infected and injured macrophages to cell death (our unpub-
lished data). Macrophage plasma membrane injury at the para-
site location site shows spatiotemporal correlation with massive
docking and exocytosis of lysosomes. Interestingly, while
Trypanosoma cruzi and Neisseria exploit lysosome exocytosis
to invade host cells (Andrews, 2002; Ayala et al., 2001),
Leishmania-mediated lysosome exocytosis occurs after uptakec.
Figure 7. Characterization of Host Cell Wounding by Correlative Fluorescence and Electron Microscopy during Phase 3
(A) BMMs were loaded with BSA-gold prior to infection with enriched metacyclic promastigotes for 2 hr, washed, fixed, and then surface-stained for LAMP-1,
analyzed by transmission (upper panel, scale bar, 10 mm) and fluorescence microscopy (lower panel). Maximum intensity projection of the surface LAMP-1 signal
(green) of the region delineated by the quadrant in the upper panel is shown.
(B) EM of the area delineated by the quadrant in (A). The sixth and tenth sections of 60 nm relative to the dish bottom each are shown.
(C) This panel corresponds to zoomed images of damaged areas (left panel) and intact zones (right panel) of the macrophage plasma membrane shown in (B),
upper panel. Closed and open arrowheads indicate macrophage plasma membrane disruption and integrity, respectively. Arrows indicate BSA-gold signals that
have been optimized by image treatment using Adobe Photoshop software. P, parasite; F, flagellum. Scale bars, 1 mm. Three parasites out of three independent
CLEM experiments were observed and showed a similar result.
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ably, the major significance for lysosome exocytosis during
L. donovani infection is most likely to reseal wounds and restore
membrane integrity of the infected macrophage (Reddy et al.,
2001). This will thus promote host cell survival and consequently
favor parasite colonization. Alternatively, mobilization of lyso-
somal vesicles proximal to the macrophage plasma membrane
at the Leishmania location, through docking and exocytosis,
may alter the composition of PVs and favor amastigote differen-
tiation and survival (Jaiswal et al., 2002). In addition, lysosomes
may provide extra membranes for maintaining the integrity of the
PV and eventually retain these large and highly motile parasites
within host cells during phase 3 of the infection process (Andrade
and Andrews, 2005). It has been recently shown that the host cell
endoplasmic reticulum directly contributes to Leishmania inter-
nalization and serves as a source of components for the
Leishmania PV (Gueirard et al., 2008; Kima and Dunn, 2005;
Ndjamen et al., 2010), suggesting that lysosomal vesicles might
act similarly and/or in combination with ER-derived vesicles.
Together these data demonstrate that Leishmania vacuole is a
highly dynamic structure that is in constant interaction with
various host cellular subcompartments. In addition, localization
of the parasite in exocytic-type compartments may be crucial
for successfully accomplishing later stages of intracellular infec-Celltion, when proliferating amastigotes are released from infected
host cells. A possible amastigote egress through the exocytic
machinery as opposed to macrophage bursting would leave
host cells intact, which would further increase parasite dissemi-
nation. Furthermore, loss of cellular plasma membrane integrity
may impact the host cell capacity to combat intracellular
infection by triggering different host cell immune responses
(Pujol et al., 2008), which might ultimately be beneficial to
L. donovani survival. For instance, activation of proinflammatory
signaling cascades in injured cells including early stress
response genes, chemokine receptors, and adhesion molecules
(Grembowicz et al., 1999) might modulate the local immune
response and, for example, enhance recruitment of immune cells
including neutrophils that are exploited as hosts and thus
enhance the infection (Laskay et al., 2003). Finally, the parasite
loses flagellar activity (phase 4), probably as a consequence of
the initiating differentiation process which results in retraction
of the flagellum (Gluenz et al., 2010).
In conclusion, our findings significantly advance our under-
standing of the Leishmania infection process by challenging
current views according to which L. donovani promastigotes
attach to their host cells in a bipolar and/or random manner
(Pearson et al., 1983), enter the host cell passively via the clas-
sical phagocytic pathway (Rittig and Bogdan, 2000), and thenHost & Microbe 9, 319–330, April 21, 2011 ª2011 Elsevier Inc. 327
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through inhibition of phagolysosomal fusion (Desjardins and
Descoteaux, 1997). In contrast, our data unravel an active role
of promastigote viability, polarity, and motility in the invasion
process and provide evidence for the important contribution of
host lysosomes, early in PV biogenesis and later in maintenance
of host plasma membrane integrity.
EXPERIMENTAL PROCEDURES
Mice, Macrophages, Parasites
This section is described in the Supplemental Experimental Procedures.
Macrophage Infection Assays
BMMs were detached with 20 mM EDTA, washed, and plated overnight in
24-well tissue culture plates containing 12 mm2 coverslips, 35 mm ibidi dishes
(Alsace Biovalley, France), or 35 mm glass-bottom MaTek culture dishes
(MaTeK, Ashland, MA, USA) at a density of 2 3 105 cells/dish in complete
RPMI medium. BMMs were incubated at 37C, 5% CO2 with metacyclic-en-
riched hamster-derived live or dead promastigotes labeled or not with
CFSE, at a ratio of ten parasites per cell. GFP latex beads (6 mm) were used
as positive control for phagocytosis and used at ten beads per cell (Invitrogen).
Samples were processed for static confocal microscopy, real-time live
imaging, EM, or CLEM.
Endosome/Phagosome Fusion Assay
BMMs were incubated with 6 nm BSA-gold particles, dialyzed overnight
against PBS at 4C (UMC, Utrecht, Netherland), for 1 hr in RPMI-1640 followed
by a 1 hr or 3 hr period of chase in complete RPMI. Cells were then infected
with metacyclic-enriched promastigotes for 2 hr and processed for EM. In
some experiments, BMMswere first infected 2 hr, washed, and then incubated
with BSA-gold particles for 1 hr followed by 1 hr of chase. The presence of
a single gold particle in a PV was scored as a fusion event.
Fluorescence Confocal Laser Microscopy
Infected BMMs were fixed with 4% paraformaldehyde, permeabilized with
0.1% saponin (Sigma-Aldrich) in PBS for 5 min at RT, and blocked with 10%
FCS. L. donovani was stained with monoclonal mouse IgM anti-LPG antibody
(CA7AE) (kindly provided by S. Turco) followed by incubation with Texas
red-conjugated goat anti-mouse IgM secondary antibody (Jackson Immuno-
Research, West Grove, PA, USA). Lysosomes were stained with rat anti-
mouse LAMP-1 antibody (1D4B) (PharMingen, San Diego, CA, USA) followed
by incubation with AlexaFluor 488-conjugated goat anti-rat (Molecular Probes)
secondary antibody. In some experiments, BMMs were surface stained under
nonpermeabilized conditions. Samples were mounted in Mowiol (Calbiochem,
San Diego CA, USA) containing Hoechst 33342 (Sigma-Aldrich) and observed
under a Leica DMI6000 microscope equipped with a TCS SP5 confocal
system (Leica microsystems) using a Leica oil immersion 633 Plan Apo
(N.A. 1.4) objective. Images were obtained through sequential scanning, and
Z stack was set at 0.3 mm. Images were analyzed by ImageJ image software
and mounted using Adobe Photoshop software.
Real-Time Video Microscopy
For time-lapse phase contrast imaging, infected BMMs were monitored using
the BioStation IM microscope equipped with a thermostatic chamber (Nikon
Instruments Inc). Images were acquired at 403 magnification every 2 s over
a period of 30 min and analyzed with BioStation software. For 5D real-time
imaging, BMMswere incubated with LysoTracker Red DND-99 dye (Molecular
Probes) diluted at 1:5000 in media for 1 hr at 37C and then washed prior to
infection with CFSE-labeled parasites. Real-time 5D microscopy was per-
formed on live samples using an oil immersion Zeiss 403 Plan-NEOFLUAR
(N.A. 1.3) objective mounted on a Zeiss Axiovert 200 microscope equipped
with a Perkin-Elmer Ultraview system (Perkin Elmer, Boston, MA) composed
of a Hamamatsu C-9100 EMCCD camera and a Yokogawa CSU22 confocal
Nipkow-disk unit and driven by Volocity software (Improvision, UK). Excitation
of CFSE-stained parasites and LysoTracker was respectively performed using328 Cell Host & Microbe 9, 319–330, April 21, 2011 ª2011 Elsevier In488 nm and 561 nm solid-state lasers. Images were captured every 20 s over
the course of 2 hr.
Quantification of Lysosome Recruitment
A 488 nm channel was used to automatically trace a rim of one pixel width
around the parasite contour. The 561 nm channel was used to measure the
individual pixel fluorescence intensity of LysoTracker staining around this
rim on a maximum intensity projection image. The profile pattern of lysosome
recruitment was plotted as a function of the distance on the parasite contour
rim for specific time points. Quantification of lysosome recruitment on the
parasite rim was obtained by summing the intensity values of LysoTracker
staining throughout the entire Z stack. The resulting LysoTracker fluorescence
intensity value was expressed as a ratio after normalization using the whole-
image 3D 561 nm channel intensity expressed. Image manipulation and anal-
ysis were performed using ImageJ software and customized ImageJ macros.
Parasite Motion Measurement
Parasite motion was measured on the time-lapse acquisition of parasite inter-
nalization by macrophages using FlowJ plugin from ImageJ (Abramoff et al.,
2000).Motion tendencies were visualized using a specific color code. Distance
traveled by the parasite and velocity were calculated by measuring, over time,
the Euclidian distance between the mass center of the macrophage nucleus
and the parasite mass center. Parasite and nucleus positions were determined
using a customized ImageJ macro. Distance and velocity were plotted using
GraphPadPrism 4 software.
Total Internal Reflection Microscopy
Infected BMMs were stained for LAMP-1 after permeabilization and analyzed
using an Olympus IX81 microscope equipped with a TIR-FM illuminator, an
Andor iXon+DV-855 EMCCD camera (Andor technology), and a solid-state
488 nm laser. Data were acquired using the Cell^R software (Olympus) and
processed using ImageJ software.
FACS Analysis
BMMs were infected with CFSE-labeled parasites for 2 hr, washed, then
directly processed for FACS or incubated for additional 24 hr before staining
with anti-LAMP-1 antibody or rat IgG2a isotype control (e-Biosciences, San
Diego, CA, USA) in 10% FCS containing FACS buffer (1% BSA, 0.05% azide
in PBS) for 30 min at 4C. Samples were then incubated with AlexaFluor-633
goat anti-rat secondary antibody for 30 min at 4C. FACS analysis was
performed on a Becton Dickinson FACSCalibur (BD Biosciences, San Diego,
CA). Samples were acquired using Cell Quest and analyzed by Flow-Jo.
Transmission Electron Microscopy
Infected BMMswere fixed with 2%paraformaldehyde, 0.2%glutaraldehyde in
0.2 M Sorensen buffer followed by 2% glutaraldehyde in 0.1 M cacodylate
buffer, postfixed in 1% osmium tetraoxide (Merck, Darmstadt, Germany),
and finally incubated in 2% uranyl acetate (Merck, Darmstadt, Germany).
Dehydration was performed in a graded ethanol series, and samples were
embedded in Epon resin. Contrasted ultrathin sections (60 nm) were observed
with a Jeol 1010 transmission electron microscope (Tokyo, Japan). For CLEM,
BMMs were grown on glass-bottom gridded MatTek Petri dishes enabling
localization of cells of interest. Images were treated using Adobe Photoshop
software.
Statistical Analysis
Statistical analysis was determined by unpaired Student’s t test using Graph-
Pad Prism version 4 (GraphPad Software, San Diego, CA, USA), and p < 0.05
was considered statistically significant.SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures, two tables, four movies,
Supplemental Experimental Procedures, and Supplemental References and
can be found with this article at doi:10.1016/j.chom.2011.03.011.c.
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